This study concerns the thallium-205 cation in aqueous solution in the presence of a calixarene molecule. While the measurement of the self-diffusion coefficient of pure thallium (without calixarene in the aqueous solution) does not pose any particular problem, major difficulties are encountered with the standard method employing gradient strength increment as soon as thallium is partly complexed by calixarene. With static magnetic field gradients, the NMR signal is so weak that it prevents any reliable measurement whereas radio-frequency (rf) field gradients lead to an unrealistic value of the diffusion coefficient. This failure is explained by the fact that thallium is in fast exchange between two sites (complexed and free thallium) thus exhibiting a single NMR signal although, in the course of the experiment, two signals, with an important difference in resonance frequencies (due to the large thallium chemical shift range), are effectively involved. With the objective to understand these quite unexpected observations, the theory underlying NMR diffusion experiments is first reviewed and criteria of fast exchange are discussed for three parameters: chemical shifts, relaxation rates, diffusion coefficients. It turns out that off-resonance effects are responsible for unwanted defocusing due to rf pulses in the static magnetic field gradient method and for time-dependent gradients in the rf field gradient method. Concerning the latter, a remedy is proposed which consists in applying the stronger gradient and incrementing the gradient pulse durations. After correction for relaxation, the expected value of the diffusion coefficient is retrieved.
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Introduction
Self-diffusion coefficients, measured by NMR, are generally achieved under nearly onresonance conditions, meaning that the carrier frequency ( r  , the NMR transmitter frequency)
is not far from the NMR frequencies ( 0  ). The issue of a large frequency offset, between r  and 0  , has been rarely addressed, just because it is usually a simple matter to set r  in the vicinity of all resonance frequencies of interest ( 0  ). This cannot be evidently the case when fast exchange conditions prevail between two sites of drastically different chemical shifts. We encountered this problem when studying a host-guest system constituted of a thallium cation (the guest) partly complexed by a calixarene molecule (the host). By contrast, when dealing with cesium (as the guest) and the same host, no special difficulty was noticed (1) . In both cases, we observe a single signal which is the weighted average between two signals of can become very large, and thus that on-resonance conditions can never be achieved for both sites. We thus anticipate some problems either by using static field gradients ( 0 B gradients) or radio-frequency gradients ( 1 B gradients) methodologies.
In fact, the measurement of the self-diffusion coefficient of the thallium cation (TlNO 3 0.1M solution) in aqueous solution was straightforward (with both types of gradients) and we found a value close to the self-diffusion coefficient of water, in agreement with the fact that the cation is surrounded by water molecules. It was however somewhat bewildering to notice that, as soon as calixarene was present, no signal could be observed with 0 B gradients while, with 1 B gradients, a result was actually obtained leading however to unrealistic values of the self-3 diffusion coefficient. Obviously, chemical exchange is responsible for such drawbacks and the purpose of the present paper is to decipher the causes of these unexpected observations.
Theory
It is advisable to go back to the basic principles encompassing diffusion measurements either with 0 B gradients in the stimulated echo mode (2) (rather than the original PGSE experiment (3) which is not suitable when dealing with short transverse relaxation times, as here) or with the equivalent with 1 B gradients (4). Both these experiments involve a first gradient pulse which is used to defocus nuclear magnetization according to the location of the molecules bearing the relevant nuclear spins (sometimes, this first gradient pulse is dubbed "encode" pulse). Let us consider a gradient g applied along the X direction of the laboratory frame. It will produce ideally a precession angle ( 0 B gradients; in the x,y plane of the rotating frame)
or a nutation angle ( 1 B gradients, in the y,z plane if 1 B is polarized along the x axis of the rotating frame) equal to
where  is the thallium gyromagnetic ratio and  the duration of the gradient pulse. We introduce now diffusion during the interval  , so that the angle ) ( X  has to be replaced
where  accounts for the fact that the molecule bearing the spins of interest has moved to another location due to translational motions. The average has now to be calculated [3] We shall define the usual q variable
With this notation the angle  can be expressed as
where r is the displacement of the molecule of interest during  . The calculation of the mean value of In addition to the decay given by [6] , we must account for decays due to relaxation and also to diffusion during the gradient pulses. The expression for the latter has been determined in the 5 early days of NMR (6) 
It should be noted that the observed magnetization arises from longitudinal magnetization during  , hence the factor ) / exp( T is short and much shorter than 1 T (about a factor of two is gained, notwithstanding the fact that
In the presence of chemical exchange, the above theory may need to be amended. Indeed, as soon as in 1992, Moonen et al. proposed (GEXSY experiment) to measure the diffusion in exchanging spin systems (7). This was followed by studies of the influence of exchange on DOSY spectra (8, 9 ). An interesting work concerns possible chemical shift modulations in diffusion decays (10) . Several applications aimed at determining exchange rates or residence times can be found in the literature (11) (12) (13) . All these latter works concern however slow exchange (at least with respect to chemical shift). Although a relatively recent publication (14) deals with fast exchange (the topic of the present work), we were unable to find any explanation of our experimental observations in these previous studies.
6
As a matter of fact, specific conditions of fast exchange apply to each parameter. This will be now discussed and, for that purpose, we have to define some quantities: p, the proportion of complexed thallium, denoted by A in the following; (1-p), the proportion of free Thallium, denoted by B in the following;
, the residence time in site A with the exchange rate k
, the residence time in site B. We shall consider that fast exchange conditions prevail with respect to a given parameter G if
We start with chemical shifts, or, rather, with resonance frequencies. If, between two consecutive data points, the considered spin jumps many times between sites A and B, then a weighted average has effectively to be accounted for (see fig. 1 ), that is
As the sampling interval is set for possibly observing A  and B  , that is of the order of
, the condition of fast exchange with respect to chemical shifts can be written as
Concerning relaxation rates R, let us assume (for the sake of simplicity) that they induce, during a time t, a magnetization loss equal to ) exp( Rt  . This means that, at the outcome of the
. After a first order expansion, we obtain
Clearly, the first term in the right-hand member of [12] represents a weighted average of relaxation rates, thus the observed quantity in the case of fast exchange (relatively to relaxation rates) provided that the last term is negligible. Consequently, the condition of fast exchange with respect to relaxation rates can be stated as
It means that the exchange rate must be greater than the relaxation rates in both sites.
As far as diffusion is concerned, we shall neglect its possible effects during the application of gradient pulses and only consider  , the so-called diffusion interval. Therefore, we have just to look at the phase angle  (see eqs. [5] and [6] 
At the outcome of the time interval (
sin are zero because they would be the imaginary part of the Fourier transform of a Gaussian function (eq. [6] is the real part) and it turns out that this Fourier transform is real. Consequently, as can be seen from [15] , fast exchange conditions concerning diffusion are met provided that  involves at least one cycle (
In accord with reference (9), the condition of fast exchange with respect to diffusion coefficients can be expressed as
Failure of diffusion measurements under chemical exchange involving important offresonance conditions
The usual method for measuring self-diffusion coefficients consists in keeping constant the two intervals  and  while repeating the basic experiment with different increments of the gradient strength g so that relaxation decays remain constant. If equations [7] and [8] are valid, the diffusion coefficient is easily deduced from at least two experiments provided that no irreversible defocusing occurs. In these equations, it is however assumed that on-resonance conditions prevail in such a way that defocusing is exclusively produced by a time- 
Imperfections of radio-frequency pulses
If the radio-frequency (rf) field has a low amplitude ( figure 4 where the quality of a 180° inverting pulse is seen to drop considerably in the case of exchanging thallium.
These considerations concern not only homogeneous rf fields but also rf field gradients. This oscillatory behavior may become detrimental and makes the gradient time-dependent during the gradient pulses. locations X in the sample (see figure 1) . This is certainly true in our case, at least, for the first gradient values in experiments dealing with incremented gradients. In such a situation, one must also take into account precession in the rotating frame during the interval  (10) and the
Because of fast exchange, we must consider the average of the two angles in [17] . If As explained above, each rf pulse contributes to an irreversible defocusing. Now, for a commercial spectrometer, thallium is outside the frequency range allowing proper tuning and matching of the probe. As a consequence, the rf field is reduced (thus amenable to the unwanted effects schematized in fig. 3 ) and owing to the five rf pulses the sequence of figure   5 , the NMR signal virtually cancels. As shown in figure 6 , instead of 60% canceled by relaxation, we have observed a loss of more than 90%. Of course, adding a LED subsequence (18) (often used for avoiding ill effects due to eddy currents) with its two additional rf pulses, would still make the situation worse. The higher trace of fig. 6 corresponds to the sequence of figure 5 without any gradient pulse and is therefore indicative of the intrinsic loss by offresonance effects in the course of rf pulses. Conversely if a gradient of moderate strength is applied so that attenuation by diffusion is negligible, we expect a loss by a further factor of two (refocusing by the second gradient). This is shown by the lower trace of fig. 6 . Although running a diffusion experiment as in fig. 6 seems somewhat challenging, we attempted to verify that gradients work as they should do even in the presence of exchange. Unfortunately, as expected from fig. 6 , these experiments failed and we were unable to observe any decay due to diffusion. This poor signal-to-noise ratio can be easily understood on the basis of irreversible defocusing due to the off-resonance effects detailed above. As a matter of fact, accounting for the large chemical shift difference experienced by thallium in the two sites (110 ppm), the tilt angle between eff 1  and the x axis (see fig. 3 ) is, in our case (with a 90° pulse of 40 s), of the order of 60° whereas a proper tuned probe (with a 90° pulse of 10 s)
would only reduce this angle to 30° (a value still too high). The remedies are therefore obvious: i) improve the quality of the probe so as to increase significantly the rf field strength, ii) go to lower static magnetic field so as to reduce the frequency difference 
B gradients
The actual sequence is depicted in fig. 7 and is seen to involve only one rf pulse (which is simply a read-pulse). Contrary to the above experiments with 0 B gradients and, as shown in fig. 8 , a signal is actually observed for exchanging thallium but this signal leads eventually to an unexpectedly large diffusion coefficient (thus to a decay faster than expected) when the experiment is carried out by incrementing the gradient strength. Although this fast decay occurs essentially at low gradient strength values (see figure 9 ), the explanation is quite different from the one invoked for 0 B gradients. As shown previously, because of exchange, one switches continuously between two effective 1 B fields of different directions. This renders the 1 B gradient oscillatory and therefore time dependent (denoted by ) (t g in the following).
As a consequence, the expression of
It is thus equivalent to consider that the gradient is constant and that it is X which experiences these oscillations and, therefore, to consider it as a sort of translational diffusion motion.
Accordingly, it may be necessary to account for diffusion during the application of gradient pulses with an effective diffusion coefficient, eff D , presumably much longer than the intrinsic diffusion coefficient and which obviously depend i) on the exchange rate, ii) on
Anyway, for low values of q, equation (8) must be rewritten as
Thus, the initial decay being faster than expected, the measured diffusion coefficient (from a fit of the low quality data of fig. 9 ) is necessarily larger than the true diffusion coefficient. In spite of scattered data (due a modest signal-to-noise ratio and to a finite gradient value which may not totally prevent the off-resonance effects), the decay concerning exchanging thallium leads to a correct value for the diffusion coefficient (1.7 10 -5 cm 2 s -1 ) which should be the weighted average between free and complexed thallium, the latter being identical to the one of the host molecule (independently measured). The expected value (1.6 10 -5 cm 2 s -1 , calculated from these data and from the known proportion of complexed thallium) is sufficiently close to the experimental determination for demonstrating the validity and the potentiality of the proposed method. This probe, shown in fig. 11 , follows from a new design by which the uniformity and strength of rf gradients are considerably improved (19) .
Conclusion
Through this study, off-resonance effects have been shown to constitute the major issue when dealing with diffusion experiments in the presence of fast chemical exchange involving a large difference in resonance frequencies between the two sites involved in this exchange process. Although thallium may seem particular due to its important chemical shift scale, the problem is in fact of general concern because such a situation may be encountered with more common nuclei at higher static magnetic field values. When using 0 B gradients, the difficulties lie in a severe sensitivity loss and, paradoxically, the remedy would be to go to lower static magnetic field values so as to reduce difference in resonance frequencies between the two sites. On the other hand, the 1 B gradient methodology using gradient pulse 14 increments seems also quite viable, again at lower field, provided that sufficiently strong gradients are available. Our new instrumental design (19) should fulfill this requirement. Tl NMR spectra (9.4 T). 128 scans. Duration of the 90° pulse: 43 s. The positive peak is obtained after a 90° read-pulse. The negative peak results from the application of the same read-pulse immediately after a supposed 180° pulse. Left: aqueous solution of TlNO 3 0.1M; the inversion rate is 73%. Right: exchanging thallium; the inversion rate is 55%. All data concerning these two samples can be found in ref. (15) . p=0.2 for the sample of exchanging thallium. 29 Figure 11 
